Introduction
To date, more than 120 X-linked inherited disorders have been described in which mental retardation (MR) appears as the primary character or at least a major component of the disease phenotype.
1 X-linked mental retardation has been originally classified into syndromic (S-XLMR) and non-syndromic (NS-XLMR), depending on whether the patients display additional physical, behavioural, or neurological symptoms, or if MR is the only clinical manifestation. 2, 3 Nevertheless, the boundaries between S-XLMR and NS-XLMR are not always as strict as initially suggested, and affected persons of various NS-XLMR (MRX) families may display additional symptoms that have been missed at their first examination. 4 Moreover, mutations in some of the known XLMR genes are associated with both syndromic as well as non-syndromic XLMR forms, indicating allelism in NS-and S-XLMR. 5, 6 For example, mutations in PQBP1, encoding the polyglutamine binding protein 1, were identified in patients with non-syndromic MR as well as in patients with syndromic MR and X-linked inheritance, including Sutherland-Haan, Renpenning, GolabiIto-Hall, Hamel cerebropalatocardiac, and Proteus syndrome. 7 -13 Mutations in this gene tend to cluster in a dinucleotide repeat region located in exon 4, adding or removing 2-bp units and thus causing a disruption of the PQBP1 open reading frame. Here, we report the identification of the same two base pair deletion, previously found in the affected members with Hamel cerebropalatocardiac syndrome (HCPCS), 7 in two cousins with a severe disease phenotype comprising MR, microphthalmia, choroid coloboma, microcephaly, renal hypoplasia, and spastic paraplegia. To our knowledge, this is the first description of a PQBP1 mutation associated with microphthalmia.
Materials and methods

Subjects
The present family includes two maternally related patients, two obligate carrier females, and five unaffected males ( Figure 1a Under clinical examination, he showed developmental delay that is more pronounced at the motor area. The developmental quotient at 13 months of age showed the following scores: motor 58, coordination 53, language 65 and global 58. At 21 months of age, he presented paroxysmal episodes consisting of atonia, blush face, and staring, which responded well to treatment. EEG study showed bilateral discharges of high-voltage spikes. At the age of 4 years, the patient was still unable to walk independently, he shows a very limited use of speech and multiple stereotypic movements of the hands. His weight was 12.5 kg (À2.6SD), his length 96 cm (À2.3SD), and his OFC 44 cm (À5.9SD). He shows large, low-set ears, high nasal root, micrognathia, long philtrum, and prominent metopic suture. Neurological symptoms include spastic diplegia with limited abduction angle and patellar hyperreflexia. Based on the above-mentioned clinical signs and symptoms, the diagnosis Lenz microphthalmia syndrome has been proposed. Informed consent was obtained from every member participating in the study.
Genetic analysis DNA samples from various family members were isolated from blood samples by standard proteinase K/SDS lysis followed by phenol purification. Additionally, mononuclear cells were purified from peripheral blood of the patients under standard procedures, lysed in RLT (RNeasy kit, Qiagen) and immediately stored at À701C. Total RNA was purified with the RNeasy kit (Qiagen), following the manufacturer's recommendations and then reverse transcribed into cDNA (RT-PCR Core Kit, PE Applied Biosystems). For linkage mapping, a total of 27 microsatellite markers spread along the entire X-chromosome were used. Lod scores for linkage between the disease locus and the genetic markers were calculated as described elsewhere. 14 We amplified the coding region of BCOR (15 exons, GenBank accession no. AY316592) and PQBP1 (six exons, GenBank accession no. NM_005710), including the flanking intronic sequences, from genomic DNA and/or cDNA. Primer sequences and PCR conditions are available on request. PCR products were directly sequenced with the Big Dye Terminator ready reaction kit (PE Applied Biosystems) on an ABI-PRISM 3700 (PE Applied Biosystems).
Results
We performed multipoint linkage analysis using 22 informative X-chromosomal markers. The maximum Lod score, which hardly reached a score of 1.0, was obtained for marker DXS993 in Xp11.4 (data not shown). However, any interval outside the pericentromeric region could be excluded as only negative Lod values were obtained (below -2). After construction of the most likely segregating haplotypes, we found markers DXS993, DXS1201, SYN/ ARAF, and AR to be tightly linked to the disease, whereas the closely linked markers DXS8042 and DXS1275 exhib- He also shows microphthalmia of the right eye, microcephaly, and a bulbous nose. Note the rounded face at young age that has also been described for other patients with PQBP1 mutations. (Figure 1b) . These data indicated that the gene mutated in this family is located in Xp11.4-q12, in the region flanked by DXS8042 (distal) and DXS1275 (proximal). The disease-associated haplotype was shared by both affected patients III.1 and III.8, their mothers (II.2 and II.7), as well as the maternal aunt (II.6), and, unexpectedly, the healthy maternal uncle (II.4) (Figure 1b) . These data raised various possibilities to explain this phenomenon: first, the disease phenotype is inherited as an autosomalrecessive trait; second, the disease shows an incomplete penetrance; and third, the deceased maternal grandmother (I.2) carried a germline mosaicism. In view of these assumptions, it is of note that the phenotype of the two affected males resembles that of the Lenz microphthalmia syndrome, a syndromic form of X-linked MR, comprising microphthalmia/anophthalmia with MR, malformed ears, skeletal, renal, and urogenital abnormalities. 15 Recently, a p.P85L missense mutation in the BCOR gene has been identified in males affected by Lenz microphthalmia in a single large family. 16 Therefore, we performed mutation analysis of BCOR with genomic as well as cDNA of one affected person, but no sequence alteration was detected. The PQBP1 gene, located in Xp11.23, was also present in the linkage interval of the family. This gene was considered a candidate as mutations in PQBP1 are associated with a clinical spectrum significantly overlapping with the phenotype of the described patients. 5 Mutation screening of the six exons of PQBP1 revealed a dinucleotide deletion, c.461_462delAG, in both patients (III.1 and III.8) that has been previously described to be present in all affected males of the HCPCS family. 7 This mutation could give rise to a truncated PQBP1 protein lacking 112 C-terminal amino acids, including part of the DR/ER repeat in the polar-amino-acid-rich domain as well as the nuclear localization signal and the C2 domain. Instead, 11 unrelated residues would be present at its C-terminus. The mothers of individuals III.1 and III.8 (II.2 and II.7) are heterozygous for the 2-bp deletion; however, the frameshift mutation was neither present in the unaffected maternal uncle (II.4) nor in the maternal aunt (II.6), who share the same haplotype. These data suggest that the dinucleotide deletion most likely occurred in germ cells of the deceased maternal grandmother (I.2), as the probability of two double recombinations is very low (o0.00008).
PQBP1,
In a previous study, we ascertained eight patients with proposed Lenz microphthalmia syndrome, nonetheless, mutation analysis of BCOR did not reveal any pathogenic mutation in either of them. 17 Therefore, we searched for mutations in PQBP1 in these patients, but failed to detect a causative aberration.
Discussion
The frameshift mutation c.461_462delAG, identified in the two affected members of the present family, causes a premature stop codon that can either lead to a truncated PQBP1 protein or to a functional null-allele owing to nonsense-mediated mRNA decay. 18 The same mutation was found in all affected males of the HCPCS family. Northern blot analysis of RNA isolated from lymphoblastoid cells of a patient from this family revealed almost no detectable PQBP1 transcript 7 indicating that the majority of PQBP1 mRNA is degraded owing to nonsense-mediated mRNA decay. These data suggest that the same pathogenetic mechanism can be applied to the 2-bp deletion present in this family. The c.461_462delAG mutation gives rise to phenotypes that have numerous features in common, such as profound/severe MR, microcephaly, short stature, malar hypoplasia, spastic diplegia, long narrow face, bulbous nose, and large and protruding ears. 8 However, the patients in the HCPCS family did not show any ocular and urogenital anomalies, including microphthalmia, coloboma, and renal hypoplasia (Table 1) . Remarkably, mild skeletal abnormalities (clinodactyly of finger V) were observed in two patients with HCPCS, 19 similarly, one of the two affected males presents with camptodactyly and arachnodactyly ( Table 1) . Spastic diplegia, present in both of our patients, has also been described for several other patients with PQBP1 mutations (Table 1 ). In general, the presence of malformations is not very common in males with PQBP1 mutations, although cardiac defects and cleft palate have been found in some cases. Although these data point to well recognizable phenotypes associated with PQBP1 mutations that should be unified under the name Renpenning syndrome, as suggested by Stevenson et al,
11
additional features, for example severe eye abnormalities, can contribute to the high phenotypic variability of this syndromic form of X-linked MR. It has been suggested that differences in the truncated proteins and expression levels of the transcripts might be responsible for the more severe phenotype observed in the HCPCS family compared to other families associated with PQBP1 mutations. 8 However,
as the same mutation caused a more complex phenotype in the affected individuals of this family than in those of the HCPCS family, it is tempting to speculate that the high degree of the inter-and intra-familial variability is more likely due to yet unknown modifier genes, as already suggested for the phenotypes associated with NLGN4 mutations. 20 In addition, epigenetic phenomena may similarly contribute to the development or repression of clinical manifestations. The c.461_462delAG mutation was not present in an unaffected male and a female of this family, although they shared the disease-associated haplotype with both affected males as well as two obligate female carriers. The latter four individuals were found to carry the pathogenic PQBP1 mutation. These data indicate that the mutation most likely occurred in the germline of the maternal grandmother. Thus, the observation of a germline mosaicism in a female of this family adds the phenotypes associated with PQBP1 mutations to the growing list of X-linked inherited diseases in which germline mosaicism can be present, such as Lowe syndrome, ATR-X syndrome, Hunter syndrome, Duchenne muscular dystrophy, Rett syndrome, and haemophilia. 21 -24 Indeed, germline mosaicism is an important consideration for the interpretation of linkage data and should be taken into account in the counseling of parents of sporadic cases when the mutation is not detected in the mother. The phenotype of the two affected males of this family was very similar to that of patients with Lenz microphthalmia syndrome (Table 1 ). Lenz microphthalmia syndrome is an X-linked recessive condition characterized by MR, unilateral or bilateral microphthalmia, microcephaly, and urogenital, external ear, digital, and skeletal anomalies. 15 Linkage analysis in two families with Lenz microphthalmia syndrome mapped the first locus associated with this disease to Xq27-q28 (MAA, MIM 309800). 25 Recently, a single missense mutation (p.P85L)
in BCOR has been found to be associated with Lenz syndrome in another family, 26 previously linked to Xp11.4 (MAA2, MIM 300412). 16, 27 However, no other causative BCOR mutations have yet been documented in patients with Lenz syndrome. 17 In eight patients with Lenz microphthalmia or related phenotypes, we did not find a pathogenic mutation in PQBP1. These data suggest that either BCOR or PQBP1 are not the major genes for Lenz microphthalmia syndrome or a large genetic heterogeneity underlies this disorder.
In conclusion, the phenotype of the two affected males in this family shows substantial overlapping features with those described for other patients with PQBP1 mutations, demonstrating that these are allelic XLMR entities that could be combined under the name Renpenning syndrome. With the description of this family the phenotypic spectrum associated with PQBP1 mutations can be considerably extended, with MRX55 as the mildest form and this family presenting with the most severe phenotype. ND, not determined.
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